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Results for GT cycles
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BackgroundBackground
 Two thermoeconomic approaches proposed in literature:

Thermoeconomic Functional Analysis (T.F.A.)
aim: Analysis + Optimisation
main authors: Tribus, Evans, Frangopoulus
Exergetic Cost Theory
aim: Diagnostics
main authors: Tsatsaronis, Valero

 TEMP (Thermo-Economic Modular Program) : a tool for thermo-
economic analysis of thermal-energy systems
aim: Analysis + Optimisation + Diagnostics
main authors: Massardo, Agazzani, Traverso 

 Environomics 
aim: environmental impact analysis
main authors: Massardo, Agazzani, Frangopuolus 
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1 Combined Cycle
Physical scheme
1 Combined Cycle
Physical scheme

Thermoeconomic Functional Analysis (T.F.A.) Thermoeconomic Functional Analysis (T.F.A.) 
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Thermoeconomic Functional Analysis (T.F.A.) Thermoeconomic Functional Analysis (T.F.A.) 

1 Combined Cycle
Functional scheme
Academic traditional approach

1 Combined Cycle
Functional scheme
Academic traditional approach

Functional Productive Diagram
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WTEMP approachWTEMP approach

1 Combined Cycle
Functional scheme
1 Combined Cycle
Functional scheme

Thermoeconomic Functional Analysis (T.F.A.) Thermoeconomic Functional Analysis (T.F.A.) 
Functional Productive Diagram

Each component is characterized by single input and single output stream
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Thermoeconomic Functional Analysis 
TEMP approach

Thermoeconomic Functional Analysis 
TEMP approach

Internal ThermoEconomic Analysis

•Unit cost c
•Marginal unit cost 
•Exergy cost y

Global ThermoEconomic Analysis

•Turnkey Cost
•Fuel Cost

•Payback Period (PBP)

•Net Present Value (NPV)

•Internal rate of Return (IRR)

Investment

analysis

Cost of Electricity (COE)

Diagnostics
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Global ThermoEconomic Analysis

 Turn-key cost estimation (Total Capital Investment)
 Variable cost estimation (Fuel, Supply materials, Environmental costs)
 Annual Total Revenue Requirement (TRR)
 Investment evaluation

Variable costs

1) FUEL COSTS
2) OTHER SUPPLY MATERIALS   

COSTS (WATER, OIL, 
AMMONIA, …)

3) ENVIROMENTAL COSTS
3) O&M COSTS

____________________________

- TOTAL CAPITAL INVESTMENT -
____________________________

I. Fixed capital investment (FCI)
A. Direct costs (DC)
1. Onsite costs (ONSC)
- Purchased equipment cost (PEC)
- Purchased equipment cost installation (PECI)
- Piping (PIP)
- Instrumentation and controls (INCO)
- Electrical equipment and materials (EEM)

2. Offsite costs (OFSC)
- Land (LAND)
- Civil structural and architectural work (CSAW)
- Service facilities (SF)

B. Indirect costs (IC)
1. Engineering and supervision (ES)
2. Construction costs (COCO)
3. Contingencies (CO)

II. Other Outlays (OO)
A. Startup costs (SUC)
B. Working capital (WC)
C. Costs of licensing, research and development (LDR)
D. Allowance for funds used during construction (AFUDC)

Turnkey cost
____________________________

- TOTAL CAPITAL INVESTMENT -
____________________________

I. Fixed capital investment (FCI)
A. Direct costs (DC)
1. Onsite costs (ONSC)
- Purchased equipment cost (PEC)
- Purchased equipment cost installation (PECI)
- Piping (PIP)
- Instrumentation and controls (INCO)
- Electrical equipment and materials (EEM)

2. Offsite costs (OFSC)
- Land (LAND)
- Civil structural and architectural work (CSAW)
- Service facilities (SF)

B. Indirect costs (IC)
1. Engineering and supervision (ES)
2. Construction costs (COCO)
3. Contingencies (CO)

II. Other Outlays (OO)
A. Startup costs (SUC)
B. Working capital (WC)
C. Costs of licensing, research and development (LDR)
D. Allowance for funds used during construction (AFUDC)

Turnkey cost
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 Turn-key cost estimation (Total Capital Investment)
 Variable cost estimation (Fuel, Supply materials, Environmental costs)
 Annual Total Revenue Requirement (TRR)
 Investment evaluation

Investment analisys methods
1) Average rate of return (ARR)

2) Payback Period (PBP)

3) Discounted Payback Period (DPBP)

4) Net Present Value (NPV)

5) Internal rate of Return (IRR)

Global ThermoEconomic Analysis

Carbon Tax

Green Certificate

Emission Trading

Total revenue requirement (TRR)

Total revenue requirementJ =  Total production costJ

TRRJ    =     TCRJ +  ROId,J +  ROIps,J +  ROIce,J +

+  O&MJ +  OTXIJ +  ITXJ +

+  FuelCostJ +  MatCostJ +  EnvirCostJ
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How to calculate?
Mass conservation
Momentum conservation
Energy conservation
+

Cost conservation

1 2

4 3

y1

y2

y4

y3

y5 y6

Physical Scheme

Functional Scheme

Heat Exchanger

Internal ThermoEconomic Analysis

c6y6=c5y5+C$hex

Exergy flow yr [kW]
yr expresses the exergy flow
associated to the functional flow yr

Unit cost cr [$/kJ]
cr expresses the amount of resources
(in monetary terms) consumed to
obtain the functional flow yr

Exergy allows to include cost 
variables in addition to 
conventional balances
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W-TEMP software
(Web ThermoEconomic Modular Program)

Main Challenges:
 Simulating complex system with hundreds

of components and variables

 Defining the proper mathematical model
for representing each component behaviour

 Assessing the influence of parameters on 
thermodynamic and economic plant results

Sequential Method:
 Thermodynamic analysis (efficiency, 

fuel consumpt., etc.)

 Exergy analysis  (exergy flows, losses) 

 Thermoeconomic analysis (CAPEX & 
OPEX, IRR and NPV, internal flow 
costing) 
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AVAILABLE MODULESAVAILABLE MODULESLibraries:
Conventional gas
Advanced gas and reactors
Steam
Power and Heat
Miscellaneous

13
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____________________________

- TOTAL CAPITAL INVESTMENT -
____________________________

I. Fixed capital investment (FCI)
A. Direct costs (DC)

1. Onsite costs (ONSC)
- Purchased equipment cost (PEC)
- Purchased equipment cost installation (PECI)
- Piping (PIP)
- Instrumentation and controls (INCO)
- Electrical equipment and materials (EEM)

2. Offsite costs (OFSC)
- Land (LAND)
- Civil structural and architectural work (CSAW)
- Service facilities (SF)

B. Indirect costs (IC)
1. Engineering and supervision (ES)
2. Construction costs (COCO)
3. Contingencies (CO)

II. Other Outlays (OO)
A. Startup costs (SUC)
B. Working capital (WC)
C. Costs of licensing, research and development (LDR)
D. Allowance for funds used during construction (AFUDC)
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n° Method fj 


j

1z
zf

1. Straight line 1/n j/n

2. Sum-of-the-years digits 2/n(n+1-j)/(n+1) j(2n+1-j)/[n(n+1)]

3. Double declining balance (n>=3) * 2/n[(n-2)/n]j-1 1-[(n-2)/n]j

4. 125% declining balance * 1.25/n[(n-1.25)/n]j-1 1-[(n-1.25)/n]j

5. Sinking fund ri(1+ ri)j-1/[(1+ ri)n-1] [(1+ri)j-1]/ [(1+ri)n-1]

(n = Book Life; ri = Inflation Rate)

* Salvage must be equal to zero and 


n

1z
zf  <1

Depreciation methods
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Financing methods

1) DEBT financing
Borrowing capital from banks, by selling bonds,...

2) COMMON EQUITY financing
Sale of common equity stock

3) PREFERRED STOCK financing
Sale of preferred equity stock

4) A COMBINATION  of 1-3
By mean of financing fraction F:

F_d           F_ce           F_ps
where:

F_d  +  F_ce  +  F_ps   =   1
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Taxes & Insurances

1) PROPERTY TAXES & INSURANCES
Evaluated as percentage of Fixed Capital Investment (out of 
Land)

OTXIJ =  fOTXI • ( FCI - LAND )

2) INCOME TAXES
Evaluated by multiplying the income tax rate ( t ) by the  
taxable income ( TXI ) which is the difference between total
revenue and all tax-deductible expenditures.

ITXJ =  t  •  TXIJ
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Variable costs

1) FUEL COSTS

FuelCostJ = f (annual fuel consumption, fuel price )

2) OTHER SUPPLY MATERIALS COSTS (AIR, WATER, OIL,…)

MatCostJ = f (annual consumption, material price )

3) ENVIROMENTAL COSTS

EnvirCostJ = f ( annual emissions rate, environmental penalty )
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Total revenue requirement (TRR)

The annual total revenue requirement for a system is the revenue 
that must be collected in a given year through the sale of all 
products to compensate the system operating company for all 
expenditures incurred in the same year.

Total revenue requirementJ =  Total production costJ

TRRJ    =     TCRJ +  ROId,J +  ROIps,J +  ROIce,J +

+  O&MJ +  OTXIJ +  ITXJ +

+  FuelCostJ +  MatCostJ +  EnvirCostJ
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Annual profit
1) GROSS PROFIT

Is the difference between the annual total revenue 
collected 

( RvJ ) and the annual total revenue requirement ( TRRJ )

GPJ =   RvJ - TRRJ

2) NET PROFIT
Is the actual profit, out of income taxes

NPJ =   GPJ *  ( 1  - t )

3) ANNUAL CASH FLOW

CFNJ =   NPJ +  TCRJ
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Investment analisys methods
1) Average rate of return (ARR)

ARR j  =  NPj / TCI

2) Payback Period (PBP)

TCI  =           CFNj

3) Discounted Payback Period (DPBP)

TCI  =              [CFNj  / (1+ rNPV)j]

4) Net Present Value (NPV)

NPV  =              [CFNj  / (1+ rNPV)j] – TCI

5) Internal rate of Return (IRR)

[CFNj  / (1+IRR)j] – TCI  =  0

BL

1j



BL

1j



PBP

1j



PBP

1j
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Cycle main data:
Pressure ratio 15
TIT 1200°C
Evaporator pressure 23 bar

Cycle performance:
Electrical Power 50MW
Thermal Power 30MW
Electrical Efficiency    42%
Thermal Efficiency      65%

1PL Cogenerative STIG cycle1PL Cogenerative STIG cycle

C E

 MIX

  SH EVA ECO

 FILTER

to stack

   ~

Cogeneration

blade cooling
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OUTPUT
Through Life cost

Year TCR [$/y] ROI [$/y] ITX [$/y] OTXI [$/y] O&M [$/y] FuelC [$/y] EnvC [$/y] TRR [$/y] Rev GP NP CHFs
2003    1 1474029 1350338 -13883 430288 467529 7994454 0 11702755 20029858 8327103 5828972 7303001
2004    2 1474029 1263001 -33940 430288 479217 8231859 0 11844454 20630754 8786300 6150410 7624438
2005    3 1474029 1175665 -53997 430288 491197 8476386 0 11993568 21249676 9256108 6479276 7953304
2006    4 1474029 1088330 -74055 430288 503477 8728249 0 12150317 21887167 9736849 6815795 8289823
2007    5 1474029 1000994 -94112 430288 516064 8987667 0 12314929 22543782 10228852 7160197 8634225
2008    6 1474029 913656 -114169 430288 528966 9254869 0 12487638 23220095 10732457 7512720 8986748
2009    7 1474029 826320 -134227 430288 542190 9530086 0 12668686 23916698 11248012 7873608 9347637
2010    8 1474029 738985 -154284 430288 555745 9813560 0 12858321 24634199 11775878 8243114 9717143
2011    9 1474029 651649 -174341 430288 569638 10105538 0 13056799 25373225 12316425 8621498 10095526
2012   10 1474029 564312 -194398 430288 583879 10406275 0 13264384 26134421 12870037 9009026 10483055
2013   11 805023 476976 454550 430288 598476 10716034 0 13481347 26918454 13437107 9405975 10210998
2014   12 805023 429278 443596 430288 613438 11035086 0 13756709 27726008 13969298 9778509 10583531
2015   13 805023 381581 432642 430288 628774 11363710 0 14042017 28557788 14515771 10161039 10966062
2016   14 805023 333883 421688 430288 644494 11702193 0 14337568 29414522 15076954 10553868 11358890
2017   15 805023 286186 410734 430288 660606 12050830 0 14643665 30296957 15653292 10957304 11762327
2018   16 805023 238488 399780 430288 677121 12409926 0 14960625 31205866 16245241 11371669 12176691
2019   17 805023 190790 388826 430288 694049 12779794 0 15288770 32142042 16853272 11797290 12602313
2020   18 805023 143093 377872 430288 711400 13160759 0 15628435 33106303 17477869 12234508 13039531
2021   19 805023 95395 366918 430288 729185 13553153 0 15979962 34099492 18119530 12683671 13488694
2022   20 805023 47697 355964 430288 747415 13957319 0 16343706 35122477 18778771 13145140 13950163

Year TCR [$/y] ROI [$/y] ITX [$/y] OTXI [$/y] O&M [$/y] FuelC [$/y] EnvC [$/y] TRR [$/y] Rev GP NP CHFs
2003    1 1403002 1172822 -13214 409554 445001 7609237 0 11138850 19064707 7925857 5548100 6951101
2004    2 1368782 1065095 -31517 399565 445001 7644100 0 10998753 19157706 8158953 5711267 7080049
2005    3 1335397 961925 -48919 389819 445001 7679187 0 10865581 19251158 8385577 5869904 7205301
2006    4 1302826 863154 -65453 380312 445001 7714500 0 10739110 19345066 8605956 6024169 7326996
2007    5 1271050 768628 -81152 371036 445001 7750038 0 10619125 19439432 8820307 6174215 7445265
2008    6 1240049 678200 -96047 361986 445001 7785799 0 10505416 19534259 9028843 6320190 7560239
2009    7 1209804 591726 -110166 353157 445001 7821785 0 10397781 19629548 9231767 6462237 7672041
2010    8 1180296 509067 -123539 344544 445001 7857995 0 10296022 19725302 9429279 6600495 7780792
2011    9 1151509 430088 -136195 336140 445001 7894430 0 10199951 19821523 9621572 6735100 7886609
2012   10 1123423 354658 -148160 327942 445001 7931088 0 10109381 19918213 9808832 6866182 7989605
2013   11 598579 311407 337983 319943 445001 7967970 0 10024135 20015375 9991240 6993868 7592447
2014   12 583980 270055 321794 312140 445001 8005077 0 9979397 20113011 10133614 7093530 7677509
2015   13 569736 230535 306193 304526 445001 8042407 0 9937918 20211123 10273206 7191244 7760980
2016   14 555840 192782 291161 297099 445001 8079961 0 9899597 20309714 10410117 7287082 7842923
2017   15 542283 156733 276681 289853 445001 8117739 0 9864338 20408786 10544448 7381113 7923397
2018   16 529057 122329 262733 282783 445001 8155742 0 9832049 20508341 10676292 7473405 8002461
2019   17 516153 89508 249302 275886 445001 8193969 0 9802638 20608382 10805743 7564020 8080173
2020   18 503564 58217 236369 269157 445001 8232420 0 9776019 20708910 10932891 7653024 8156588
2021   19 491282 28399 223919 262592 445001 8271096 0 9752106 20809929 11057823 7740476 8231758
2022   20 479299 0 211936 256187 445001 8309996 0 9730818 20911441 11180623 7826436 8305735
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Total Revenue Requirement
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INVESTMENT ANALYSIS

•Pay Back Period (PBP) 3.12 y
•Discounted PBP (DPBP) 3.28 y
•Net Present Value (NPV) 128.6 M$
•Benfit Cost Ratio (BCR) 6.64
•Net BCR (NBCR) 5.64
•Eckstein BCR (EBCR) 2.01
•Internal Rate of Return (IRR) 34.4  %

Investment analysis 
parameters

Cumulative Cash Flow Curves
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Discounted
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DPBP=3.28 years
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GAS TURBINE CYCLES
Reheated cycle (Sequential combustion)

GAS TURBINE CYCLES
Reheated cycle (Sequential combustion)
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CONCLUSIONS
 Thermoeconomics is a complex and powerful method to analyse,

optimise and diagnose energy systems.
 Thermoeconomics analyses energy plants basing on Functional

Productive Diagram, in which physical and functional exergy flows are
reported.

 TEMP is flexible code for thermoeconomic analysis of conventional and
advanced energy systems

 TEMP allows the thermoeconomic optimisation in on-design conditions
to be carried out.

Part I:
THERMOECONOMIC 

ANALYSIS 
OF POWER PLANTS

T
P
G
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Part II:

Objectives
Mixed air-steam cycles: STIG, RWI, HAT, newX

newX cycle assessment

Thermoeconomic results

THERMOECONOMIC ANALYSIS 
OF

MIXED AIR-STEAM CYCLES
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STIG
(STeam Injected Gas turbine cycle)

RWI
(Regenerated Water Injected cycle)

C E

 MIX
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 FILTER

to stack

   ~
blade cooling

   ~ LPC E
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 ECO
AP

blade cooling
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HAT
(Humid Air Turbine cycle)

 SAT

 LPC E

 FILTER

 HPC

REC

AC

    ~

ECO 2

 to stack

ECO 1

 MIX

Blade cooling flow
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   ~
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to stac k
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HAWIT
(Humid Air Water Injected Turbine cycle)
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THERMODYNAMIC RESULTS (50MWe)
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THROUGH LIFE COST ANALYSIS (50MWe)
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THERMOECONOMIC  RESULTS (50MWe)
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THERMOECONOMIC  RESULTS (50MWe)
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THERMOECONOMIC  RESULTS (50MWe)
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Part III:

Client/server architecture
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New cost equations for GTs
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W-TEMP
Improved accuracy of thermoeconomic predictions

Combined Cycle

V94.2 Gas Turbine 1.V94.2 Combined Cycle

Available 
data

WIDGET-
TEMP 
results

Available 
data

WIDGET-
TEMP 
results

Net Power [kW] 159400 159380 232900 236826

Efficiency [%] 34.4 34.4 51.7 51.23

GT Pressure ratio 11.4 11.4 11.4 11.4

Intake air [kg/s] 509 500 509 500

Turbine Outlet
Temperature [°C] 547 545 547 552

Capital Cost [106  $] 24.7 26.3 103.87 102.5

Specific Cost [$/kW] 155 170 446 433

Error on economic results: 3% 

Error on thermodynamic results: 2%
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Objectives:
Part I: Description of TEMP

Part II: Example of 
thermoeconomic 
analysis

Part III: Description of W-TEMP
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